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NO_._CLA_RE

Symbols and abbreviations

i,

F _- Mean aerodynamic chord, MAC
CF4 Freon
g Acceleration due to gravity
h A1titude ......
He Helium

:,7 K Thousand

k.I_ LB Body length (of Orbiter)
!

m Million
M Math number

. MAC Mean aerodynamic -chord,N2 . Nitrogen
I.. q Dynamic pressure

. Re Reynolds number, based on Orbiter body length" sec Seconds
- V . Velocity

_, Viscous parameter

X Body axis, longitudinal (Orbiter) ._o
Y Body axis, lateral (Orbiter)o
Z Body axis, vertical'.(Orbiter)
0

a Angle of attack
Angle of sideslip
Bank angle
F1ight-path.angle

F Universal gas constant
A Sweepback angle

Abbreviations, Acronyms:

A Aerodynamics- test type designator, or
Ames Research Center - test responsibility designator

AADS Ascent air data system
ABPS Air breathing propulsion system ..............
ADDB Aerodynamic Design Data Book
ADS Air data system (Onbiter)
AEDC Arnold Engineering Development Center
ALT . Approach and landing __est
AOA Abort to once around
ASRM Abort solid rocket motors
ATP Authority to proceed (management milestone)

: C " Carrier- test CorllgUration designator.
CAL Cornell Aeronauticai Laboratory

• CDR Critical design review (management milestone)
CG Center of gravity
CR Contractor report

,.. iv



DATAMAN Data Management System (Chrysler-Corporation)
DCR Design certification review (management _nilestone)
DFI Development flight instrumentation ._
ET External tank

EPS Electrical power subsystem
F Marshall Space Flight Center- test responslbil%ty designator
FCF First captive flight (ferry program)
FMCF " First manned captive flight (ferry program)
FMOF First manned orbital flight
FRL Fuselage reference line
FRSI Felt reusable surface insulation (blanket)
F.S. Fuselage station, or Full Scale

-- H Heating- test type designator
HRSI High (temperature) reusable surface insulation (tiles)
I IntegratedVehicle- test configuration designator
IV Integrated Vehicle
L Langley Research Center -test responsibility designator
L.E. Leading edge
LRSI Low (temperature) reusable murface insulation (tiles)

LTV Ling-Temco-Vought Corporation il
• M Johnson Space Center - test responsibility designator _I

MCR Modification change request
MECO __ Main engine cut off
NASA National Aeronautics and Space Administration
-ARC Ames Research Center

-FRC Flight Research Center
-HQ Headquarters
-JSC Johnson Space Center
-LaRC Langley Research Center
-LeRC Lewis Research Center

-MSFC Marshall Space.Flight Center !
NSWC Naval Surface Weapons Center
0 Orbiter- test configuration designation
O/ET Orbiter/external tank mated configuration
OFT Orbital flight test
OML Outer moldline

OMS Orbital maneuvering system
OV. Orbiter Vehicle
PDR Preliminary design review (managment milestone)
PRR Preliminary requirements review (management milestone)
RCS Reaction control system
RI Rockwell International
RTLS Return to launch site (abort)
S Solid rocket booster -.-testconfiguration designator, or

Structural dynamics - test type designator

I SAL - (Space) Shuttle .approachand landing
_,' S&C Stability and control

SCA (SpaCe) Shuttle Carrier aircraft
SEP Separation
SOF (Space) Shuttle orbital flight
SRB Solid rocket booster
SRM Solid rocket motOr

SRR (Space) Shuttle requirements review (managment milestone).
SSECP-WTP .Space Shuttle Engineering Coordination Panel - Wind Tunnel Panel

v



SSME Space Shuttle main engines
SSPO Space Shuttle Project Office
SSV Space Shuttle Vehicle
STAR Scientific and TechniCal. Aerospace Reports

i" STS Space TranSportation System
I T External tank - test configuration designator

TAMU Texas A&M University
:
_ TBC The Boeing Company
!_ T.E. Trailing edge

TPS Thermal protection system
_J_ TVC Thrust vector control

V/STOL Vertlcal/short take off and landing
_ WL Waterline

,, WTO Rockwell/nternational - Wind Tunnel Operations Group
A Increment (management milestone)
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ABSTRACT

A major phase of the Space Shuttle Vehlole (SSV) Development Program has been
the acquisition of data through the Space ShuttleWind Tunnel Testing Program.

_- During the early concept studies it became obvious that the large number of --
conflguratlon/envlronment oomblnatlons would necessitate an extremely large wind
tunnel testing program. To make the most efficient use of available test
facilities, and to assist the prime contractor for Orbiter design and Space

_" Shuttle Vehicle integration, a unique management plan was devised for the design
and development phase (19_2 through 1983). d

A brief overview of the Space Shuttle Program is given together with the
evolutional development of the Shuttle configuration. A detailed review is
provided of. the wind tunnel testing rationale and the associated test program ..

management plan and its overall results. Also given is information as to the• various facilities and models used within this program. A unique posttest il
documentation procedure is presented. In conclusion, a summa_7 of the types of ,i

tests per disciplines, per facility, and per model are presented together with i
_- detailed listing of the posttest documentation which is available through
' Scientific and Technical Aerospace Report (STAR_....

R:

_i_ PREFACE
i

Conceptual studies for a United States Space Transportation System (STS) !
determined that the large number of conflguration/environment combinations would
necessitate an extremely large wind tunnel testing program. To efficlently use
the available test facilities and to assist the prime contractor for Orbiter
design and Space Shuttle Vehicle integration, a unique management plan was
devised for the design and development phase (1972 thrsugh 1983). This paper
presents a detailed review of the wind tunnel testing rationale and the

• associated test program management plan. Included are tables of the complete
wind tunnel program indicating facilities used. Also included are tables of the
models, and the overall configuration schedules. The management plan involved
facility representatives from the major testing centers. They were briefed

_ regularly on the configuration status and the corresponding test requirements.
_. In addition, the need for an integrated system for processing large blocks of

wind tunnel data and for a standardized documentation concept was recognized and
incorporated, utilizing automated data handling. Both the management system and
the documentation methods resulted in reliable data and an efficient wind tunnel

program for the Space Shuttle Vehicle....

I This document should be a guide for future conceptual test planning of wind

tunnel programs similar to that for the Space Shuttle. Items addressed are wind
tunnel test planning and management, data management and documentation, new
suRplemental testing techniques, and innovations in model design.



! i 1. INTRODUCTION

- In late 1960, the National Aeronautics-and Space.Administration (NASA),explored
the feasibility of employing a •reusablevehicle for access to low-Earth orbit.
Ideally, the desired vehlcle,would be similar to a Conventional aircraft in both
design and operation. This would minimize the expense off a slngle-use launch

. vehicle. To assess the vehlcles'-aerothermodynamic performance, concept
feasibility studies in Phase A were conducted. The empirical data was relied on
for generalized trade-off:studles of the configurations selected. Phase B
(definition) would rely on simple scaled models by each competing contractor.

_ These scaled models were tested in the more critical aerothermodynamlc areas.
•:_ They were also supplemented by parallel NASA studies on generic configuration
, trade-offs. Phase C/D would then take the selected contractor, with an

essentially frozen .configuration,through the design and development stages.
!

The early feasibility studies determined that many complex configurations would
• be required to meet the objectives of a reusable vehicle. These configurations

_ would entail an enormous amount of wind tunnel tests. Regardless.of which
_: configuration/operational concept combination was selected, many unique i:
: configurations from the viewpoint of ground facility tests and model il

requirements would result. The launch vehicle, whether completely reusable or :i

i only partially reusable, would change configuration with each staging. The
entry vehicle would have large center of gravity shifts because of the varied
payloads to be carried. It also would be subjected to the largest range of i,,I

•! velocity, configuration, and environmental combinations ever experienced by a
........manned vehicle. In addition, requirements for horizontal low-speed flight tests

and a "ferry. concept added several new configurations. All of these many 1
combined shapes would require testing for aerodynamics, aerothermodynamics, : i

structural loads, structural dynamics, and stage separation. Thus, even before :_ _
the STS concept or the prime contractor was chosen, estimates for the amount of _ !

: wind tunnel facility testing, exceeded that of any other previous aircraft or / ;space vehicle program. To meet these many varied requirements, a new approach :

i : was required to coordinate the large number of tests. Also required was! efficient use of the available test facilities and developing economical and
timely reporting concepts. This would result in reliable data for the design

i analysts.This paper (an extension of reference I) presents the rationale for
_ configuration testing within the basic .disciplines. It also describes the wird

t_mnel program management approach and the documentation procedure. Included
are detailed tabular listing of all of the testing that was performed to define

i_ the baseline Configurations. Also included is the direct-support testing done ,
by the NASA centers. It should be noted that the scope of the material in this

paper is intended to cover the prime contractor SSV wind tunnel test program
only. That isL__the__PhaseCe__ortion which extended from told-1972to late 1983................



The preliminary investigations of STS concepts, entitled Integral Launch and
_ Recovery Vehicle Studies, commenced in February 1969, by direction of NASA's

Office of Manned Space Flight. Within these studies the major aircraft
manufacturers were invited to submit their concepts for evmluatlon. From these
Phase A feasibility efforts, it was concluded that the lifting body, or so
called "wingless" class vehicle, would not be compatible _Ith efficient cargo
packing and the necessary subsystem arrangements. Nor could this configuration

r_! provide the subsonic performance requirements that were needed, prlmarily llft-
to-drag ratio. However, the proposed winged, two-stage vehicle concept appeared

•._ somewhat more promising. It satisfied the overall projected mission
; requirements. The major difficulty of this concept was the design and

development of optimum aerodynamic configurations for the individual Orbiter and
booster vehicles. Also required was a configuration for the integrated vehicle '_
system. At this point in the program, ?here were two Space Shuttle Orbiter
configuration concepts being evaluated. One was a straight wing design with a
horizontal ta_l (ref. 2). The other was a delta wing design.

Subsequent to Phase A, funding for a follow-on preliminary design study (Phase
: B) was issued in July 1970 to the participating contractors. At: this time the

_i_ U.S. Air Force added their particular requirements. The major of these involved
_i: the areas of payload capability and crossrange recuirements. The primary
_;. purpose of Phase B was for the contractors to further refine their proposed

configurations including the new mission requirements. They also had to prepare::. _ a preliminary_ estimate of the costs. Because of the increasing complexity and
expense of the Space Shuttle Orblter/booster design studies, the contractors
organized into teams of two. One concentrated on the Orbiter Vehicle; the other '_
on the booster system. Shortly after, NASA management realized the large
ultimate cost of the completely reusable concept. It decided to indefinitely
delay the "flyback" booster in favor of an expendable bo_ster. Additionally, it
was decided to reduce the Orbiter size to be compatible with the chosen booster
system. These design philosophy changes extended the Phase B effort for an
additional year. This contract period was referred to as "Phase B Prime."

Following the Phase B Prime study, another extension was initiated. It reduced
the fully reusable Space Shuttle Orbiter size furtherand concentrated on a two-

stage, parallel-burn booster system concept. This booster concept was_
configured as a pair of recoverable 156-inch diameter solid rocket boosters
(SRB), with an external liquid fuel tank (ET). They would feed the rocket
engines in the Orbiter. This second extension was referred to as "Phase B -
Double Prime." The configuration results of thiS phase are shown in Figure 2.I.

In March 1972, NASA issued a request for formal proposals for-the design and
development of the Orbiter including systems integration, the ET system, and the "
SRB system.. The Rockwell Rocketdyne Division had already been chosen to develop
and produce the Space Shuttle main engines (SSME,s), in July 1971. In July
1972, Rockwell International (formerly North American/Rockwell) was selected as
the prime contractor far the Phase C/D design, development and production of the _

Orbiter, and the overall integration of the sSV System. in August 1973, Martin _

Marietta Corporation was awarded the contract for design, development, test, and
produCtiOn of the llquld-fueled ET. In November 1973, Thiokol ChemiCal

Corporation was awarded the Contract for the SRB's.

!
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The carrier vehicle concept for _ferryand air launch (low-speed fllght tests) ....
was originated in late 1973. The original concept o1".bolt-on" alr-breathlng
engines had operational limitations with r_ge, increased turnaround time, and
recovery from contlngency bases. Technical concerns were scar weight to the
Orbiter, thermal protection system (TP$) degradation, and possible cargo bay
contamination. Studies done by the NASA'Flight _esearch Center (FRC) as well as
other independent studies showed the carrier concept was feasible for both ferry
purposes and the approach and landing test (ALT) program. In June 1974, the
Boeing 747 was chosen to be the Shuttle carrier aircraft-lSCA).

A historical account of the early programs leading up to the SSV concept can be
found in reference 3.



3. CONFIGURATION EVOLUTION

Identification of the 3SV configurations as they evolved can be confusing
because of several levels of configuration designation. The initial
des!Enatlons_ related to the program milestones, used the fiollowing acronyms,

ATP- Authority to Proceed
PRR- Preliminary Requiranents Review
PDR -_ Preliminary Design Review

! CDR- Critical Design Review

i On the deslgn engineering level, the prime contractor configuration control
!_ drawing designations were used. At times the lines (contour.) drawing

designations were all that was available because changes were made so rapidly.
i_ In addition, SSV designations I through 6 were used by both management and
_ er_Ineerir_. Figure 3.1 shows the approximate time periods for the various

desiEnatlons. Figure 3.2(a) and 3.2(b) are summaries of the major conflguratlon
i_: definitions for the Orbiter and Integrated Vehlcle (IV), respectively• Figure
!i_ 3.3(a) through 3.3(e) are three-vlew drawings of the major Orbiter definitions
tl shown in fig. 3.2(a) Figure 3._(a) through 3._(e) are three-vlew drawings of

the major IV definitions shown in fig. 3.2(b). Figure 3.5(a) and 3.5(b) are
three-vlew drawlngs of the 0V-I02 and IV for the ST3-I. Tables 3.1 through 3.3
give the dimensional parameters for OV-I02, the ET and the SRB's, respectively.
Table 3.4 presents the associated reference areas and ler_ths used to normalize
the aerodynamic forces_and moments.

i_ The ATP Orbiter aerodynamic shape had a 50° sweep delta wlng _planf_rm sized to
provide 150 knots (77.2 m/sec) design touchdown speed with a 40,000-pound

_ (18,100 kilogram) return payload• Elev.ons were sized to provide trim at

hypersonic speeds over an angle of attack range from 20°to 50° w/th an
!i operational center of gravity (CG) range of 3 percent body length (LB). The
_- cargo bay was 15 feet Indlameter (4.57 meters) by 60 feet long (I_.2 meters) to

accept a wide variety of payloads. The remote manipulator arms were stowed in a
dorsal fairing along the top of the payload bay doors. For ferry and entry.....
assist, an air breathing propulsion system (ABPS) was situated In the aft
portion of the payload bay. Three main propulsion system rocket engines were
located at the base of the aft fuselage and orbital maneuvering systems (OM3)
engines were installed in two removable podmodules on theslde of the aft
fuselage. Reaction control system (RCS) rocket engines were also located in the .-
aft pods and on the forward fuselage. The pilot's eye (cockpit location) was -

.....208 inches (528.3 era)aft of the nose and had an angular view of 20° up and

2_.5 ° down. The nose radius was 25 inches (63.5 ore)and blended smoothly into
the low fineness ratio body. The ATP Integrated Vehicle had the Orbiter
attached to the ET ,plggy-backn style with the Orbiter nose 80.3 feet (24.48 m) _
aft of the ET nose. The Orbiter fuselage reference llne (FRL) is canted down so

that the Orbiter is oriented at a -I .2° incidence with respect to the ET
oenterllne. The $RB,s are attached to the ET such that the noses of each SRB

are 17.5 feet (5.33 m) aft of the ET nose and 3.1 feet (0,9_ m) above the ET _i
centerline. The centerlines of the SRB's and the ET are parallel. Two ASRM' s r_
(abort SRM's) ar._ moun_ed at the aft end of the Orbiter body, The ET is

5



essentially a cone-cyllnder arrangement. It is fitted with a retro SRM package-
at the tank nose to facilitate ET deorblt. The external shape of the retro SRM
is a small hemlsphere-cyllnder with a nose radius of 20.5 inches (52.07 ore). It
has a length of 124 inches or 10.33 feet (3.15 m). The conloal nose portion Of

the tank has a semlvortex angle of 30 ° which blends smoothly into the
oylindrlcal section of the ET. The shoulder blending radius at the oone-
oyllnder Juncture is the same as the cylinder radius, 159 inches (403.9 ore).
The ET overall length is 182.0 feet (55.4.7m). The nose radius of the SRB's is

_ 13 inches (33.0 ore)and the cone semlvortex and angle is 18°. The Cylinder.
diameter is 156 inches (3967.2ore),and the overall SRB length is 184.8 feet

(56.33 m). The fixed nozzles are canted outws_'d 110 in the yaw plane so that
i the boosters will be thrusting through tl_eapproximate center of gravity of the

I vehicle during the boost phase.
I! The PRR configuration evolved from the ATP configuration based on MCR 0026

(Master Change Record) in October 1972. The most obvious changes follow. The
OMS pods were rotated from the aft fuselage side to the aft body shoulder and
lengthened slightly. The canopy was moved aft approximately 52 inches (132.1

cm) with an angular view of 7° up and 18° down. The forebody was redesigned to
accommodate internal packaging revisions and to improve the transition to the
midbody. Wing refinements Included an increased thicknesa ratio, a slight

!i leading-edge droop and minor wing body fillet modifioatlons. The Orbiter

incidence was increased to +0.5 ° to improve the ET separation performance and
the IV trim angle. The abort SRM's were deleted. The air breathing propulsi_._
for landing assist followlng orbital flights was deleted. The ET nose was
changed to an ogive shape to reduce the drag. The SRB's were shortened and

i_ moved aft resulting in a slightly longer integrated vehicle. Most of the
_ positioning of the elements (Orbiter and SRB's) relative to the ET, were to
i improve _the element-to-element interference drag. It also alleviated the SRB
!: plume effects on the Orbiter base. The SRB's also had an expanded shroud, had

thrust vector control (TVC) added with a reduced precant, and had the aft
" strakes removed.

i Vehlcle_2A, also referred to as .the "150K Orbiter," (where K indicates 1000
pounds) encompassed the largest changes of all (MCR 0074). Basically the

i_" vehlcle dry weight and payload down weight were reduced significantly, requiring

a complete resizing of the Orbiter. A 450/790 double-delta wing planform was
incorporated with reduced glove leading-edge radius and forward sweep to the
trailing edge. It included wing twist, camber, and incidence revisions for
improved subsonic performance. Improved low-speed performance and a reduced
static margin requirement permitted a reduction in wing size to 2,590 square
feet (250 square meters) and resulted in rebalanolng of the OV to meet stability
and control requirements. Nose camber and radius, body cros_ section, and
upward sloping forebody slab sides were selected to improve hypersonic pitch
trim and directional stability. By combining them with wlng-body blending,

_- entry heating was reduced on the body sides. These changes also slmpllfied the
nose structure. The CG travelrequirement ;_asreduced from 3 to 2 percent body
length, The ferry air breathing engines weremoved to a position under the wlng _

• (not shewn). The SRB's were shortened and moved aft further resulting in a

• shorter overall vehicle. The SRB yaw glmbal setting was reduced to 0° and the

ii



nozzle flare angle was reduced. The ET was also shortened and the Orblte_ was
repositioned on the ET near its original location.

Vehicles 3 and 4 were essentially the same from an aerodynamic configuration
viewpoint. Vehicle 3 was initiated with MCR0200, with seven revisions carrying

......... through the start of Vehicle 4. Early changes shortened the body by 35 inches
or 3.17 feet (0.97 m) and smoothed the body_nose area while incorporating a
smaller nose radius at the same time. The_wlng glove leading edge was Increased I

to 81 0 and the Inoldence was decreased from 30 to 20. Also some minor

airfoil changes were made, the wing was lowered 4 inches (10.2 cm), and the
l_wer body was refalred. In addlt%on the bodyflap span was reduced. The
primary purpose of these changes was to improve the overall aerodynamic and
aerotheromdyna,,_Io perfJrmanoe. The CG range requirement increased to 2.5

i percent body lengt|_50 allow I/2° for aerodynamic trim uncertainties with a new
payload down of _2,000 ibs (14,515 ks). In addition, the manipulator arm dorsal
falri.ngalong the top of the payload bay doors was deleted. The manipulator was _!

! stowed inside the payload bay. Later Orblter changes _mid-1973) included il
thickeni._Ethe airfoil 6 inches (15.24 _n) at the elevon hingeline. In early
1974 the ferry air breathing engines were deleted. The 3RB's were moved forward
relative to the ET as was the •Orbiter. The FT was shortened and the retro i

package (spSke) removed. The result was a slightly shorter overall vehicle .
length..... il

!

The Vehicle 5 Orbiter had the OM$ pods shortened and refaired to clear the 1payload bay doors in early 1974 (MCR 0500). Other lesser external shape changes
modified the wing tips, increased the elevon gaps, and deleted the vertical tail
drogue chutes. Later (told-1975)changes added recessed thermal glass in the
windshield, observation windows, and hatch windows. Also the cover,s were

ii
_i- removed from the forward RCS ports and from the umbilical doors in the eft body.

The ET and SRB length changes as well as the distance of the SRB and Orbiter eft
lil of the ET, were in approximately 4 feet or less. An ascent air data system
il_ (AADS) in the shape of a cone was added to the tip of the ET.

_" Vehicle 6 had no significant external shape differences from Vehicle 5.
ii

A thorough description of the design logic to optimize the Orbiter aerodynamic

configuration can be found in references 4 and 5. Reference 6 discusses the
, rOle of'the entry aerothermodynamic environment on the Orbiter design, and

reference 7 presents some of the _ulallengesto the structural dynamicist.

l'W "
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_ TABLE3,1 - CI_ITER DIMENSIONALPAI_AMETERS i

Component Parameter Value

L

Total vehicle Reference area, ft 2 (m2) 2690 (2;49.91)
body PlanCormarea, ft 2 (m2) 3952 (367.14)

exposed wing) Surface wetted area, ft 2 (m2) 11136 (103;4.53)
Length overall, ft (m) 122.0 (37.18)

' Reference length, ft (m) 107.5 (32.76)
Height, gear up, ft (m) 46.1_, (13.75)
Height, on gear (static), ft (m) 53.76(16.38)
Span, ft (m) 78_056 (23.79)

i_ Body Reference ler_th (nose at
X ffi238inches), in. (om) 1290.3 (3277.36) :0

!_ Depth, maximum (Xoffi1280inches)
ft (m) 19.92 (6.07)

Width, maximum (Xo=1528.3inches)
ft (m) 22.0 (6.70)

ft2
<

Planform area, (m2) 191_4.4 (177.85)

Surface wetted area, ft2 (m2) 5634 (523.39)
Base area (includesOMS pods),

ft2 436.7(40.57)
Cargo bay (diameterby length), ';

i-. ft (m). 15 by 60
; (4.57 by 18.28)

Wing Plar_orm area, f_2 (m2) 2690 (249.91)
(includes body Span, ft (m) 78.056 (23.79) !
carry through) Aspect ratio 2.265

' Taper ratio C.20 "
Sweep, leading edge, deg _45
Sweep, trailing edge, dee -I0
Dihedral (at wing trailing

! edge), deg 3.5

: Root chord (YoffiOinches)i

(theOretical)Length, ft (m) 57.44 i 17.50)

Quarter chordstation, Xo,
! inches (cm) 1008.31 (2561.10)

Tip chord (Yoffi;468.3__inches)
Length ft 11.48 (3.50)

Quarter chord station, Xo,
inches (ore) 1338.80 (3400.55)
Incidence, dee +0,5
Airfoil section 0012-64 modified

MAC, _ (¥o=182.13 inches)
_ Length, ft (m) 39.56 (12.05)

.., Quarter chord station, Xo,
_ inches (cm) 8 1136.83 (2887.54)



_i_,

TABLE 3.1 - CONTINUED

F

: Component Par_neter Value

-i Wing, exposed Planform area (including glove),

ft 2 (m2) 2012.4 (186.95)

! Surface wetted area, ft 2 (J) 4001.2 (371.71)

i Root chord (Yo=I08.0 inches)I

Iii Length (inc. glove), ft (m) 80.83 (24.63)i

Quarter chord station, Xo, i

inches (ore) 778.5 :ii
_.. Incidence, (Yo=199.045 inches),

• dee -0.5

Airfoil section (Yo=199.045
inches) 0.0010 modified

_i Leading edge 81oye, dee 81

Elevon Area, tt 2 (m2) 206.57 (19.18)
' (one side) Span, tt 28.87 (8.79)
..... Aspect ratio 4.03

MAC, _ length, tt (m) 7.46 (2.27)

Quarter chord station, Xo,
inches (cm) 1409.375 (3579.81,)

Distance from elevon oentroid
to hinge llne, inches (cm) 44.75 (I;3.665)

_ Defleotlon (elevator/aileron), deg +20, -35
Inboard/outboard split line,

: (Xo =_311 inches)

Vertical tall Plan/orm area, tt 2 _m2) 413.25 (38.39)
(includes Span, ft (m) 26.31 (8,02)
rudder and speed Aspect ratio 1.675
brake) Taper ratio 0._0_

Sweep, leading edge, deg 45

MAC, _ length, £t (m) 16.65 (5,07)

Elevation, Zo, Inches (ore) 635.5 (1614.17)

Quarter chord station, XO,
inches (cm), 1463.35 (3716.9Q)
Root Chord length, tt (m).__ 22.37 (6.81)
Tip chordlength, Ct (m) 9.04 (2.75)

Airfoll section (root- tip) 10° sym 60%-40_
double_wedge

Sweep_//_ailins edge, deg 26.2



i

TABLE 3.1 - CONCLUDED

m| | m _mm m| ||m ||m mm| || | m || mumm |||m | m| m| | mm|Imm ammm om =momemmm Im I,D imm mgmm m mm= _mm= mm= I ,m _m =m mmml= mm mlm
i

Component Parameter. Value.

: Rudder and Planform area, ft2 (m2) 97.84 (9.08)
ii speedbrake Span, ft (m) 16.55"(5.0;4)

I _ length, ft (m) 6.07 (1.85)

I Elevation, Zo, inches (cm) 670.41 (1702.84)

I_ Quarter chord station, Xo,
!i. inches (cm) 1575.77 (4002.45)
_ 22.8 _:Deflection, rudder (maximum),
[- deg ;q.i
- Deflection, speedbrake, deg 0 to 87.2

Hinge Line, deg 34.83 :,
t_

Body Flap Planform area, ft2, (m2) 135.75 (12.61)

Fuselage station of hinge line, . [
inches (am) 1532 (3891.28)
Span (eqt_valent), inches (cm) 241.33 (612.97) ,_
Chord, inches (ore) 81 (205.74)

I; /

I :



TABLE 3.2 - ET DIMENSIONAL PARAMETERS.

I_ Parameter Value _

! ° Ler_th overall (OML), ft (m) 154.4 (47.05)

i OEive radius (OML), inches (cm) 613.0 (1557.02)

. Cylinder diameter (OML), inches (om) 333.0 (845.82)

Base area (OML), ft2 (m2) 60g.8 (56.18) •

2

• !
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i TABLE 3.3 - SRB DIMENSIONAL PARAMETERS

; Parameter Value

[i Length overall, ft.(m) Ig9.1 (45.4g)
[ Nose radius, inches (era) 13.28 (33.73)
i Cone seml-vertex angle, deg 18.0 !

Cylinder outside diameter, inches (cm) 146.0 (370.84-)

Base area, ft2 (m2) 235.0 (21.83)
Nozzle deflection angle: i

Null position, pitch & yaw, deg 0 _!
Gimbal range, pitch & yaw [i

TVC axes, deg + 5.0 .:

i Body axes, deg +8.0

: ,I
b_

_.o



TABLE 3.4 - AERODYNAMIC FORCE AND MOMENT REFERENCE DIMENSIONS.

Parameter Reference
Value

Longitudinal and lateral/directlonal coefficients

Wing Area, ft2 (m2) 2690.000 (249.91)
Wir_ Span, ft (m) 78.057 (23,79) ....

MAC, _ !ensth, ft (m) 39.568 (12.06)

Hir_e moment ooeffJ_.ients .i

iill ,I

Area, Se, ft 2 (m2) 210.000 (19.51)

Chord_e, ft (m) 7.55 (2.30)

i_. Bodyflap

_. Area, SBF, ft2 (m2) 135.000 (12.54)
I:

Chord, _BF' ft (m) 6.75 (2.05)

Rudder/speedbrake
/_'

.... Area, St, ft2(m 2) 100.150 (9.30)!
i Chord, _r' ft (m) 6.10 (1.86)

i ....

; Note: The aerodynamic moments for the Orbiter were reduced at a point 65
i percent aft of the Orbiter nose and on the_Orblter centerllne. For the
; Integrated Vehicle the moments are reduced at a point coincident with

the Orblter nose and on the external tank centerllne.



_. TEST CONDITIONS AND REQUIREMENTS_

The nominal mission phases dictate distinct flight conditions to which the SSV
is subjected. These phases can be •divided into the three major operational
areas: launch, separation, and entry• The flight environment of the various
configuration combinations is dependent on the vehicle attitude, veloclty_ and

_ the accompanying flowfield interaction with the configuration. A sketch of the
nominal mission phases is shown in fig. 4.1. • Trajectory characteristics for a
typical ascent are shown in fig. 4.2(a) and for a typical entry in fig. 4.2(b)1 •

In the launch phase the vehicle is positioned vertically on the launch pad (fig.i
4.3). Before and during lift-off, the effect of ground winds must be

i considered.. The main engine noise (vibration loads) and .pad overpressures

i experienced at ignition can also be important• As the vehicle ascends, the
aerodynamic stability and control characteristics are important. However, they

! are not critical because, of the overpowering thrust of the vectorable main

i engines and SRB's. At an early point however, the aerodynamic loads becomelarge (in the transonic flight regime) with the additional possibility of

empennage buffeting. As the launch speed increases, aerodynamic heating, and,

in particular, localized heating between the vehicle's individual elements also
increases. Throughout launch, the total vehicle drag.lncluding the effects of

- the engine plumes must be determined. Some of the more important IV aerodynamic
• considerations are noted in fig. 4.4.

For nominal flight, the two distinct element separation phases are SRB
separation near Math 5.0 and ET separation near orbital insertion. ET
separation problems are actually more significant aerodynamically for the abort
phase referred to as "return to launch site" (RTLS). Each separation phase must
consider the aerodynamic interference, or _proximity, effects to avoid element
recontact. The aerodynamics, airloads, and aeroheating of the individual SRB

!_ and ET elements are required for ET disposal studies and SRB recovery analyses.
in addition, SRB recovery involves determination of the characteristics.of a

"" suitable parachute system. Fig. 4.5 depicts the separation characteristics. ...........
Fig. 4.6 shows the events for SRB recovery.

During the entry phase, the.Orbiter will descend from a Math number near 28 to a
landing speed-near 200 knots (102.9 m/see). At the upper level of the Mach
regime, aeroheatlng, and stability and control considerations also involve the
RCS interactions. ThrOughout entry the effectiveness of all of the Orbiter
control surfaces .(elevons, bodyflap, rudder, and speedbrake) must be determined.
This is because the attitude profile changes from a high angle of attack at high
Math n_bers (to dissipate the heat and slow the vehicle) to a Conventional
,airplane-llke" attitude for landing. The subsonic lift-to-drag ratio must be
large enough sO that the Orbiter speed and angle Of attack are not excessive at
landing. In addition, ground effects during landing are important. An.
additional characteristic of the Orbiter during entry is the large range of CG
locations (because of payload placement) that the vehicle's stability and
control CharacteristiCs must Contend with, Some of the more important Orbiter

aerodynamic considerations are shown in fig. 4.7,

For the carrier program, several distinct modes of operation were requlred,_
• First, in the ferry mode, the 0_biter/SCA in the mated Configuratlonwould

.- perfor_ the ferry mission up to a range-Of 2000 nautical miles (3706.2 kin).14



! Other potential ferry missions would involve the ET or a payload cannister. For

the alrlaunch, or the ALT mission., the mated configuration would climb to .-

altitude (approximately 30,000 ft. o_ 9144 m) and launch the Orbiter in a "top-

._ launch" concept. Initial ALT flights would be performed with a tailcone or-

fairing that covered the Orbiter main engine nozzles and stayed attached to the

Drblter durlnE the free-flight portion. Later ALT flights would be performed

,, without the tailcone. The most complex flight condition to determine for ferry

i, was the definition of the wake caused by the blunt-based Orbiter and the

i subsequent effect on the 747 vertical tail. For the ALT mission the separation
procedures and characteristics were the most difficult to determine. FiE. 4.8

_- shows the Orblter/SCA mated configuration with the Orbiter to SCA incidence to

I_ be set for either a ferry or launch mission. Fig. 4.9 shows the ALT Orblter

Vehicle COVl01) and some of its special characteristics for the ALT program. !

i

I
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! 5. WIND TUNNEL TESTING RATIONALE

Much of the expertise in determining what type of wind tunnel testing that would
! be required was developed durlng the early SSV studies (see refs. 8 through I0)b

In addition, the selected contractor, Rockwell International, had a large amount
of experience with previous aircraft test programs. It also had experience with

_ the Apollo test program. Several differences for the SSV program were apparent!_

:_ from the beginning. However, these differences dictated that the SSV wind
_:.: tunnel program De very thorough and at the same time be highly efficient.
I Thoroughness was dictated by the fact that STS-I would .be orbital and would

carry a crew. There were no plans for using the conventional graduated flight
test approach that new aircraft normally use. New ground was being broken in all

, flight phases and little empirical data were available for the early SSVstudies. Efficiency was dictated by both the design and development schedule
and by the need to keep costs to a minimum. Each distinct I

i conflguratlon/envlronment test requirement in each discipline had to be
_ Justified. Testing had to be designed to obtain rellable data. To minimize _

i_ program costs, the major portion of the wind tunnel program would be conducted _i
in NASA facilities. The basic objective of the overall wind tunnel program was

:_ to conduct the malnstr_am testing_that would meet the technical requirements of ;:
the SSV aerodynamic, aerothermodynamlc, alrloads, structural dynamics, and
separation disciplines. Adhering to this procedure would result.ln a safe and
successful operational SSV. In general, the early testing was done todeflne

- basic vehicle characteristics and parametric effects. The latter data was used !
incrementally to estimate the characteristics of any proposed design
modifications. When the configuration definition was "frozen, " for management ii

review purposes, then the new design was tested to verify the estimated data i
base. This procedure was repeated several .times throughout the program, whilei
holding any extensive verification tests to a minimum until the end of the

program when the "as built" configurations could be tested. The testing
•_ rationale for each of the aforementioned test disciplines is discussed in the
_ following paragraphs as applicable to the major conflguratlon/operatlonal flight

phase combinations for the Integrated Vehicle, Orbiter, and ferry

I configurations.
I_/ Integrated Vehiole

The basic aerodynamic force and moment data were needed early. This determined
the requirements for both SRB and SSME englne-On additions to the total vehicle
stability. Total vehicle stability required that the aerodynamic and thrust,
forces and moments be in equilibrium. The aerodynamics would dictate SRB and

i SSME precant nozzle angle settings and engine glmbal requirements. In addition,
because the plume effects have such a strong effect on stability, the early
tests included plume simulations. However, in testing with such a complex
launch configuration base area there would obviously be sting interference
effects. To account for these, englne-off tests were performed, A conventional
stlng-out of the aft end of the ET model measured force and moment data, elevon
and rudder hinge moments, attach structure interface loads, wing moments

-- (bending, torsion, and shear), and effects forward of the base area (fig. 5.1.). :
Similar measurements were made with the Orbiter as the stlng-supported element
(fig. 5.2) allowing for sting effects to be accounted. Later tests,

_, speclflcally for incremental model support interference effects, were performed
to address all of the sting arrangements used (fig, 5.3). For plume effects,

e



early tests were run with the conventional aft-stlng arrangement (fig. 5._).
_.' , Later tests were run using a blade strut, from the lower surface of the ET, to
i concentrate on measurements in the base region (fig. 5.5). The blade mount

I_ provided a relatIYely "clean" base region for high quality measurement of base .............-
effects. Early exploratory testing used analytlcall_-determlned solid plume

_ shapes (varying with Mach number, altitude and other key Jet simulation
parameters) as shown in fig. 5.6.

i_ Compromises had to be made in the testing program when duplication,of the actual

_ii . engine exhaust plumes was planned. It was neither technically nor economically
I feasible to completely duplicate the exhaust gas from the SRB's and SSME's for
_i each of the SSV launch vehicle tests for the followlng reasons.

_ _. a. The geometry could not be accurately simulated because of the necessary_ plumbing required to pass the slmulant _ases Into the model.

b. Since the base area is the primary area affected by the launch vehicle
, plumes, a blade support system mounted through the ET is required. This is used

rather than a sting support system to properly model the base area. The blade
support system will invalidate aerodynamic data only at large _erodynamlc
ar_les.

c. Exhaust plume testing is an order of magnitude more expensive and time-
consuming than "standard" aerodynamlc testing.

The approach used in the SSV test program was to use state-of-the-art techniques
for the basic power-off data base. Then generate power effect increme_ntsfr,_.
the limited exhaust plume tests. The exhaust slmulant gas used in these te.._s
was .hlgh-pressure, unheated air. Using air as the slmulant gas was ._ccertable
based on the results of a plume technolo_ study program. This separate program
was designed to establish a set of simulation parameters. These parameters
would corr.elatewind tunnel derlved base pressures, uslng air as the slmulant
gas, with the expected results from. the prototype vehicle. The resulting .
simulation parameter, a function of plume shape an_ gas dynamics
characteristics, was applied to the scaled SSV exhaust plungetest data..This

_ was done to.obtaln the base and forebody plume effect Incre.ments. The tests
covered the transonic and low supersonic region where the plume effects are most
significant. Supplemental data from base heating tests were u'._edto fill in the
high Mach number data points. Such points as the vacuum chamber test
arrangement as shown in fig, 5.7. In this way, many tests served several _
purposes and generated data in several separate test dlsclpllne_. Pressure -
tests (distributed loads tests) were accomplished in this manner throughout the

• program. These tests in addition to the extensive detailed testil_ to determine
wing bending, torsion, and shear (as well as e_evon-rudder hln_e moments.) were
mostly done without the plume slmulatiOns because of the co_pllcatlons of having
the instrumentation and the plumbing for the pressurized air all in the same-

.............model. The resulting distributed loads data were integrated to obtain forcr_-
and moments which were then compared to the test forces and moments. These two
independent sets of data were compared and "balanced" to be within 3 percent of
one another......

Static force and moment data on the SRB's and 0rblter/external tank (O/ET)

con/Iguratlons were obtained at Mach _.5 fo_ nominal staging Conditions, The
data was taken in two modes to reflect the flowfleld environment encountered at



3•

! staging. Namely, separation motors were simulated using high pressure air in .-
conjunction with model nozzlesscaled to reproduce Jet-to-free-stream momentum

_i_! ratio. Both SP_!s were used with the O/ET model in plume-on testing to properly

_ account for cumulative effects on the O/ET (fig. 5.8). Only a single SRB was
used in the plume-off reglme, the effects of the second SRB on the O/ET being
derived analytically (fig. 5.9). Relative motion between the SRB,s and the O/ET
was produced by an automated captive trajectory system. This system was

i_... programed to sequentially vary the SRB relative positions according to a
preprogramed run matrix. Artificial boundary-layer trips were not employed over

the tested Reynolds number range of 1.4 to 7.0 x 106 per foot. This was because
the presence of Intervehlcle shocks assured a turbulent boundary layer. A.
unique data organization strategy, the "hypercube" approach, was developed to
facilitate use of the eight required independent variables (Jet momentum ratio,
O/ET pitch and yaw angles of attack, SRB relative longitudinal, vertical and

_, lateral displacement, and SRB relative pitch and yaw orientation). The
"hypercube" data strategy, as opposed to the classical grid data format, ii
resulted in the reduction of required test data points by two orders of !!
magnitude, i

;!

_ The nominal ET separation procedure is accomplished at an altitude at which
• aerodynamic •forces and moments are negligible as compared to the forces andL-

i[-"

• moments due to the RCS Jets (used for the separation maneuver). Therefore no
_ testing was done here. However, during the RTLS abort, the ET must be separated

in a. significant aerodynamic environment. The interaction of the RCS Jets with
the free-stream flow is substantial. The testing was accomplished for these
flight conditions using the captive trajectory system much in the same manner as _

" - the SRB separation technique described above (fig. 5.I0).

I: Postseparation aerodynamic forces and moments, as well as.alrload pressure
distributions were obtained for the ET and for the SRB's at the approprlate.test

i conditions. Both configurations required testing at high _angles of attack

_. because of _tumbling after separation (ET for RTLS conditions). In addition the
i SRB recovery parachute system•required some conventional testing. These tests
]

• were conducted using standard procedures.

Ascent aerothermo_ynamic heating tests began in the last half of 1973 after the
configuration had gone through most of the major changes. The bulk of the
testing was done using thermocouples in conjunction with thln-skinned models to
measure rapid temperature changes(fig. 5.11). Pressure testing was done for
the same test conditions to better define the local flow environment. Later

testing concentrated in the base area identifying requirements for the base heat
shield at high altitudes (fig. 5.12). These tests measured pressures and heat _

! transfer Characteristics with simulated plumes. Generally as time went on, the

models had higher fidelity (such as that shown in fig. 5.13). The number of
measurements increased concentrating in the critical area_. Supplementary

, testing with flat plate models duplicated areas that had configuration
_- discontinuities, such as with the TPS tiles shown in fig. 5.14. Also, testing

was done using oil-flow techniques to identify flow patterns and regions of high

. pressure concentrations (fig. 5.i5)•

Ascent structural dynamics testing Centered around aeronolse (or fluctuating

._ pressure) testing in the critical transonic and low supersonic reglons of

L _ flight. Tests were also performed Checking the possibility of flutter

. i .- _!ii ' " "
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initiation, again during transonlC/iow supersonic fllgbt, as shown in fig. 5.16.
In addition, tests determining the effects Of ground winds are shown in fla,

...... 5.17.

; In mldprogram, subsystem managers of aerodynamics, alrloads, heating, and stage
,_, separation felt that air data measurements would be required for the ascent
• phase for postfllght analyses. These concerns resulted in an ascent air data

system (AADS). Testing was done largely using a 7 percent forebody model (fig.
., 5..18) with supplementary tests on complete scale-models for SSV element effects.
, Results of the AADS flight performance can be_found in references 11 and 12. !

Orbiter Configuration

_. The configuration for entry vehicle .testingwas not as complicated, as was the
_i launch vehicle. In general, the same "balancing" procedure for force and
_ moments, and distributed alrloads that was used for the launch vehicle data was

also used for the entry _ehlcle data. Some of-the many model support
arrangements are shown in fig. 5.19. A large scale model, shown in fig. 5.20,

i: tested low speed characteristics with much of the surface discontinuities and
outstanding features represented. Additional test areas for the entry
configuration included.

a. Control surface deflections for the elevons, rudder, speedbrake, and
bodyflap. Initial testing used "bolt-on" model parts that represented discrete
deflectlOnangles, figs. 5.21(a),(b). Later, more sophisticated models were

i made wlth internal mechanisms that allowed the control surfaces to be moved and
_ set from outside the tunnel, fig. 5.21.(c). Thls procedure circumvented

facility shut-downs for model changes and made occupancy hours much more
productive (ref. 13).

b. RCS testing using simulated Jet exhausts (as shown in fig, 5.22). Usei
b'

_ of the RCS is crltlcaL durlng entry. Any adverse effects because of control

I surface pressure changes had to be identified and this information fed into the
i stability and control system. Some of the geometric moments produced by the.Jet

engine forces were negated by induced Jet effects on aerodynamic surfaces (wing
and vertical tail). The effects of the various combinations of the main
thrusters, positioned for pitch, yaw, roll •moments, as well as for -Z
translation (for ET separation) were tested. They concentrated on major
aerodynamic degradation areas retestlng where required.

c. Aeroelastic testing was used for effects Of wing and vertical tall
bending. Simple elastic wing and Vertical tail model parts were attached to
existing rigid models to determine _he effects Of the resulting shapes on the
basic vehicle aerodynamics (fig. 5.23). These data were used to confirm the

i analytlcal predlctions, i

i_ d. Ground effects were measured tO ensure that• Control capability was !

available for landing. And more importantly they were measured to alert the
crew to the expected aerodynamic effects during tbls critical flight phase.
Tests were conducted initially wlt_ a fixed ground plane and lateP wltb a moving

ground plane as shown in fig, 5.24, LOW speed tests were also conducted to
measure landing gear loads (fig. 5.25).

t
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e. The Orbiter entry ADS was tested using 10 percent fOrebody models as
shown in fig. 5.26. Test Mach numbers covered the flight operational range of
the ADS, from Mach 0.20 to 3.5. Supplemental air data was taken during the

_, large scalemodel tests, fig. 5.20(b). Details of the Orbiter ADS design,

i calibration and flight results can be found in reference 12.

Initial aerodynamic heating tests were conducted on the entry configuration with! ,4

the emphasis on defining the overall envlromnent. These tests were much more
: extensive_than the integrated vehicle tests because of the harsher entry heating

environment and because of the unique Indlvldual-tile TPS used on the Orbiter.
r, The h_at sensitive coating (phase change paint) technique was used to save time

and money for the early configuration evaluation studies. Phase change coating
models (a plastlc-llke substrata) are inexpensive and can be made more rapidly
than the Instrumented models (fig. 5.27). Heat transfer is determined by
measuring the time required for a point on the surface of a model to reach the
melting temperature of the thin coating. An added feature of this technique is
that it is also a form of flow visualization. Another inexpensive technique
that was used quite extensively was oil-flow photographs. They d_fine

streamline dlrectlons.and local flow separation characteristics (fig. '3.28). [i
Follow-on tests used the thermocouple/thln-sklnned model technique or i_
calorimeters to obtaln more detailed data (fig. 5.29). Thermocouples were

' attached to the inner surface of the model at given points. Temperature time
histories were taken with the angle of attack, Reynolds number, and Mach number
as variables. Lower heating rates were measured with thin film gauges

I:_- (resistance thermometer slug calorimeters) and the higher rates with
thermocouple gauges (coaxial surface thermometers). Tunnel conditions were
monitored with a dual probe that measured temperature and shock stagnation
pressure (fig. 5.30). These thermocouple tests defined the temperature
distributions around the Orbiter. Closely-related pressure tests defined

_. pressure distributions for the same test conditions. Shadowgraph and Schlieren
i pictures of the flow patterns were useful in defining several necessary
,_ parameters, such as shock-standoff distance and boundary-layer flow conditions
_" - (fig. 5.31). Flat plate tests with full scale tiles determined the effect of

_: tile gaps and surface irregularities as well as tile orientation (fig. 5.14).
In addition, large scale testing was done in other critical areas such as

i leadlng-edge surfaces, elevon seal gaps, landing gear doors, and other areas

where surface discontinuities would cause local "hot spots."

. Structural dynamics testing was important. The validity of early configuration_concepts was examined and critical areas defined, especially potential flutter
tendencies of the Orbiter aerodynamic surfaces (fig. 5.32). The purpose of
these tests was to acquire, early in the design process, experimental data in

the transonic flight region to support analytical flutter p_edlctions. Two
models were used. One was scaled with the stiffness of the proposed baseline

vehicle; a second with a reduced stiffness level. These results, w_th the aid
of'various computer programs, established flutter boundaries and substantiated
proposed margins. All wlng/elevon and fln/rudder models were designed to have _

i_ variable control surface stiffness. This allowed exploration of potential
coupling of the control surface with parent surface modes. These models also
evaluated buffet and stall flutter tendencies. A semirigid flutter model was

used to do the final evaluation of the Orbiter flutter boundary over the ,_
Mach/dynamlc pressure range (fig. 5.33). Acoustic tests of the Orbiter surfaces

* covered by TPS had indicated that failure might be initiated by extreme pressure
_ gradients. Gradients such as those produced by aerodynamic shocks, as well as

20



structural vibrations reeuZtlng from acoustic or turbulent boundary-layer
pressures. 1'o evaluate the sensitivity of the TPS to these simultaneOus

, effects, compression, and expansion s_ock tests were performed (fig. 5.34).

, Ferry/ALT Co_iaurat£on
!

Much of the feasibility testing for tl_e ferry/ALT launch cor._lgurationswas
performed by the carrier vehicle contractors (Boeing and Lockheed) before-the

il selection of-the Boeing 747. Force and moment testing for detailed
i - cor_iguratlon development was still needed. Also needed was verification of the

! mated vehicle as well as the separation characteristics. In addition, testing
! was required to obtain a low dra_ tailcone for the Orbiter. Thls tailcone would

mlnlmize the buffet disturbance to the-carrler aircraft. The force and moment
tests were performed in the same facilities that the carrier alrcraft contractor

! had used because of _model compatibility and data comparability (fig. 5.35).

!_....- Separatlon tests were done uslr_ a minimum matrix of conditions in conjunction• with a computer graphics program. This program varied each vehicle's control

i_If- i settlngs (Includlng spoilers, landlng gear, etc. ) to optimize on a safe

separation procedure (fig, 5.36). Several exploratory tests were required to
ensure the carrier aircraft vertlcaZ tall would be able to sustain ar_ buffeting

i i; induced by the taIlcone wake (fig. 5.37). In the process of "deflnlngan optimum
taIZcone configuration (low drag, low wake) many stlng-arrangements were
utillzed to minimize the model support effects (fig. 5.38).C

_.



I,

_..' .6, WIND TUNNELTF_T PROQ]_AMMANAOF.,MBNT

_, -- During the Phase A and B development programs, the NASA Johnson Space Center
(JSC) and the NASA Marshall Space Flight Center (MSFC) monitored some four major
contracts in their efforts to produce a suitable vehicle design to achieve the
proposed space transportation mission. Near the end of-Phase B, NASA
Headquarters assigned JSC responsibility of managlr_ the overall SSV .integration
task and the Orbiter development. MSFC had responsibility for the ET, the
SRB's, and the SSME development. To effectively and efflclently manage the
program, JSC establlshed the Space Shuttle Program Office (SSPO) and created
proJect_offlces representing the Orbiter, the ET, the SRB,s, and the SSME. Each --i
project office in turn assigned subsystem hardware and software managers. One of .I

these was the Aerodynamics Subsystem Manager. In addition to responsibility for
the development of the Space Shuttle aerodynamic data base, the Aerodynamic
Subsystem Manager was also responsible for the organization and implementation i_

_ of the overall SSV wind tunnel test program. ,i
I

To assist in the execution of the Space Shuttle wind tunnel test program task,,a ,
committee of technical representatives was formed. It was referred to as the
Space Shuttle Engineering CoOrdination Panel-Wind Tunnel Program (SSECP-WTP) _I

Initial membership was requested from each of the NASA centers including NASA I!H_adquarters.. Because five major Shuttle disciplines derive their source of
data from the wind tunnel testing process (aerodynamics, aerothermodynamics, _[

:I
airloads, structural dynamics, and stage separation), each discipline was ....... :

represented on the-panel by an associated subsystem manager. The SSV
development covered a wide range of flight conditions throughout the Mach number
range. Furthermore configuration modifications would result from the wind
tunnel data analyses. For these two reasons it was decided to include a
representative from each of the major U.S. wind tunnel testing complexes on the
committee• These complexes were the NASA Langley (LaRC), Ames (ARC), and Lewis

; Research Centers (LeRC), and the Air Force Arnold EnEineerlng Development Center
i! (AEDC). The representatives were helpful not only in sharing similar test

experiences, but they were also familiar with the capability and daily status of

their respective facilities. They would be able to efficiently coordinate thc_e ,,
tests scheduled at their facilities. _

In September 1972, an organizational meeting of the SSECP-WTP wa,_held at ISC to
revlewwith the prime contractor, Rockwell International, their overall
estimates of the antlcip_ted test program.. Additionally the plans for the first
6 months of this program were reviewed in detail. Also guidelines for
monitoring the overall test program were established. As a result the following

i procedures were adopted•

a. The wind tunnel cOordination panel would meet quarterly until such a
time that the panel would no longer serve its original purpose.

i b. At each of these meetings Rockwell would provide a status of the-major
-i: dlsciplines regarding what had been learned Over the past several periods.

Those issues would be addressed in the next segment of the program.

22
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c. Rockwell would al_O review thelr maste_• wind tunnel program regardlr4_
each proposed test to Cover a 2-year period broken down as follows:

I. In detail, for the upcoming 6 months.
2. in general, for the following 6 months on a monthly basis.
3. A _broad estimate for _he subsequent 12-month period on a quarterly

basls.

...... d. Each near.term proposed test, supported with a pretest run schedule,
would be reviewed 5y the panel. The objectives, testing techniques, an./

'_ facility utilization were to be reviewed.

i
L e. Having satisfied the panel as to the test objectives, the facility
[ representatives would provide tentative commitments from thelr facility

management to support these panel-approved tests.

I f. Before each test, the proposed run schedule would be required to have
i_ the concurrence of the appropriate JSC subsystem manager. The manager would

I indicate to theapproprlate facility representative that the run schedule had
been prlorltlzed and minimized. The manager would also indicate whether the
current data requirements of the SSV program had been met. Any facility
disagreement with the test or run schedule would be negotiated between the JSC
representative and the facility representative. Fig. 6.1 shows the flow of this
chain of events.

g. The Rockwell onslte test engineer would have the responsibility for the
real-tlme direction and run scheduling within the scope and objectives of the
agreed-upon test. Any JSC inputs/modlflcations, to the conduct of the test,
would be through the Rockwell test engineer.

h. Any major changes to the scope or objective of an approved test would
be coordinated between the appropriate subsystem manager and the Rockwell
analysis engineer, before reapproval. This reapproval would then be relayed to
the facility representative and to the onslte test engineer.

i. Periodically, both the SSPO1and/or the appropriate project offlce(s)
would be briefed on the status of the test program and the analysis of the
results.

During the time that the panel was active, September 1972 to September 1976, the
SSECP-WTP met 12 times, At each of these meetlnEs, the format was basically the
same. Rockwell presented their proposed test program for review. It also
presented comments on whether the data from previous testing were adequate and _
if any model modifications and/or additional testing were required. RoCkwell
also presented the overall status of the configuration development emphasizing
the gathering Of adequate data def_nlr_ the baseline vehicle characteristics.
MSFC presented similar information relative to the ET and SRB development.
During the course of these presentations, problem areas, other then the "main-

B

stream" vehicle Characterlstics, were identified. Action was assigned toone or
more of the panel representatives for_further analysis and resolutlon.

Man_ of the action items required major studies requiring technical specialists
and appropriate testing facilities to provide timely data for analysis. As MSFC
was primarily responsible for developing the ET and the SRB recovery system, it
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expended a large effort in defining the unsteady flow field of the mated
vehicle. It also performed detailed Interstage analyses and plume/support-
interference studies. LaRC, with its long experience in aeronautics and large
number of available facilities, provided the following major contributions to
the SSV program. Included was the "flne-cut"stability and control analyses for
the Orbiter. This information was used as the primary data source by the
contractor for the final confIEuratlon analyses. Other LaRC.studles included
Orbiter center-of,gravlty expansion capability, supersonic Orbiter hysteresis
characteristics, RCS interaction effects, dynamic stability characteristics
(Orbiter, integrated vehicle and ferry conflguratlon), ALT/support_Interference
effects (base drag), launch vehicle drag reduction, ti_e roughness effects, and
real-gas effects. LaRC -heating studies covered boundary-layer tranaitlon;
surface heating, and flow phenomena techniques (phase change coatlr_sL oll flow,
and electron beam); and interference heating. The ARC, although primarily
involved in conducting the major segment of the development testing, did provide
analytical support in the areas of Orbiter heating, aeroelastlclty, static

plumes, and aeronolse deflnltlons. _!
'!

The followlng paragraphs detail the major discussion items at.each of the SSECP-
WTP meetings. Reference to configurations should be correlated with the
definitions given in the section "Configuration Evolution" or by using fig. 3.1.

SSECP-WTP Meeting No. I

This first meeting was held at the end of October 1972, Just before the I
confiquratlon changes were finished for the ATP vehicle to form the PRR
configuration.

MIFC beat raeulrments for aeeeoted and proDosed shuttle Saaka, - Seven tests
were requested to support SRB entry analyses: four for ET and SRB ascent loads,
one for the ET entry, one for llft-off aerodynamics, and one for launch vehicle
plume simulation. Rockwell reviewed their required support contribution and
concurred with five of the tests. They postponed the decision on the remainder
until the next meeting.

Seaem Shuttle aerodvma=4 c deal en data base (ADr_). - During the Phase B, B', and
B_ contractor studies, JSC-formulated a document to serve as a slngle source of
data for all aerodynamlc-related studies. In addition to the basic vehicle and i
control surface aerodynamic data, related items such as conflguratlon geometry
definition, control surface deflection capability, etc. were _ncluded. This
document gulded Rockwell in producing the Space Shuttle ADDB. As one of the JSC
supporting tasks, the data were also to be put on magnetic tape for the user
community. Tight control ensured that all studies used this same source of
"official" SSPO aerodynamic data from the ADDB's. This would avoid conflicting
study conclusions that would occur if different sets of data were to be used
(rafs. 14 through 39).

Vtnd tunnal teat procedures. - Procedures that were announced at the panel
organizational meeting were changed. The pretest meetings were the
responsibility of Rockwell and the facility. JSC would intervene only when
conflicts arose. Also test data results were to be furnished to both Rockwell
and JSC simultaneously.
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ORIGINALPAGEIS

OF POORQUALI'_
Plume testing. - Recent tests indloated that loads testing should include plume

effects. Planned te_ts were revised to accommodate this need. In addition, a

study was initiated to define a SRM nozzle shape that would minimize the plume I
effects on the vehicle aerodynamics. !

Control effects tests. - A JSC study was pz'esented that showed how the number of

control surface settings (elevon) tested could ha_neduced and still give

!,_ reliable results.

Air breathing propulsion system testlng.L- Because of the recent decision to

eliminate the ABPS for entry (to be used for ferry only) these planned tests

were switched to a more economical facility.

. Reynolds number/ablation effects. - LaRC ace,opted a task to study the_effects of

_ Reynolds number in conjunction with ablation..caused surface roughness and shape. =
• In addition, they would study TPS tile (waffle) effects with Reynolds number
L variations.
i -

=:. Test ooordlnatlon. - Review and test revision_ were accomplished in the areas of

_: control surface flutter, panel flutter, aeronc,ise and RCS/flow interaction. ,
! ?i

SSECP-WTP Meeting .No. 2

This-meeting was held in February _1973. Tl_e.Orblter configuration 2A, the _1
_ .. "light-weight Orbiter," had just undergone pr.eliminary definition. Several !

months of tests and analyses were require_d to confirm the configuration 11revisions. Tests identified by-Rockwell for the near term included Orbiter

i Vehicle 2A preliminary stability and cont:rol, drag and ground effect ABPS

studies, then Orbiter detailed stability and col_trol. Also,. Integrated Vehicle
plume effects tests for stability and control were-included. Orbiter loads

tests were Conducted tO address design point conditions which were integrated

I: into the structural analysis modal model. Separation tests had Just been "
completed for the PRR configuration So only Orbiter abort separation tests were

_ scheduled. These _ubjects al_o were discussed.
!

_lume testin___rlview. - Plume testing requir,_ments f'or the nominal ascent phase

i; of flight, including separation and flight at hyp_.rsonic speeds, needed to bedefined. This is so that the impact On facility hardware requirements could be
_' made.

_FC..sup_r_ aotlvltles. -The MS_C studies included the generation of-launch

heating environments, _.T deOrbit motor location ef.fects, and protuberance

effects. MSFC was also planning an ascent plume technology program to address

both analytical and experimental plume simulation tech,_ology as related to the

Shuttle. The objective was to provide an economical an d efficient means for

simulating SSME plume effects during the ascent phase,. The program elements

included a simulation technique evaluation.that would qual ify air szmulation for

known variable F gaseous plumes. It also included a Reynolds number (Re)

evaluation to determine the quantitative effect of free- stream Re on plume,

induced flow separation and a Simulation evaluation to q_!ali__ air simulatibn

using a hybrid (hot SRB, Cold SSME plumes) model.l
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LaRC dynamic stability testa. - LaI._Cinitiated a dynamic stability program to
complement the one planned by Rockwell. Progress would be coordinated through
the SSECP-WTP with JSC responsible for configuration definition.

SSEOP-WTP Meeting No. 3,

This meeting was held in May 1973. The short-llved Orbiter Vehicle 3 was about
to become Vehicle 4. Rockwell presented results of some of their analytical
prediction techniques for the Orbiter. Also presented was the test plan
required to develop the Orbiter Vehicle 4 aerodynamics using existing Vehicle 2A
and 3 models. Integrated Vehicle testing was planned to obtain parametric data
(ET nose shape, Orblter incldence, _;RBlocation, attach structure detailed shape

J and Orbiter distance from the ET).. Testing also gave Reynolds number effects,
plume effects (location of SRP, exit plane) and separation proximity
aerodynamics. Because of the complicated test models required for air loads
(distributed pressures) the model configurations would go directly from Vehicle _
2A to 4 .....

In other actions, Rockwell was req uested to plan RCS/flow interaction tests at
_ hypersonic speeds and LaRC was requested to support sonic boom testing

coordinated by a team from the ARC, MSFC, and JSC. ii

_ SSECP-WTP Meeting No. 4

The fourth meeting of the Wind TLmnel Panel was held in August 1973. Vehicle 4 _'
was fairly well established. }_n extensive Status report wasgiven by_Rockwell

..... that reflected the Shuttle Requi:rements Review (SRR). As of this data 69 tests _

had been run in 6805 test hours using 17 facilities and 27 models. The estimate !
for the total program was 316 tests, 26 thousand hours, 31 facilities, and 69
models. The upcoming testing period would concentrate on the Orbiter PDR il

configuration due for review in February of 1974. Basic issues to be addressed !
were

b" a. Verification of basic stability and control capability.

I: b. Establishment of cor.trol surface effectiveness (off-nomlnal conditions

i : and deflected surfaces for aileron/elevon and rudder/speedbrake combinationsettings through the complete Mach range).

i/ c. Base sting interference and main rocket engine nozzle installation

i' effects (wing tip or vertJ.caltail extension stings ,
used in conjunction with

base dummy stings).
l

d. ConfigtLration_,uild-up (component on/off) effects.

e. Control surfac e hinge moments.

f. VertiCal tail panel load_.

i g. Reynolds nu_ber and viscous interaction effects._'_ h. ASPS locat_.on/conflguratlon effects (ferry conditions).

- i. Data tol erance level definitions (comparison of model/model,
_ facillty/faeility, various model scales, etc.).

26

OF PO0_ QuALi?y



For the ascent vehicle the issues to be addressed were the definition of power-

on base drag and Continued ET nose shape effects. Also addressed were the
protuberance•and attach structure effects, booster•separation rocket effects at
long distances, and off-nomlnal relative attitudes. The alrloads testing that
was required concerned the Issues of base pressures for a flared rudder,
Orblter/ET attach flttlr_ slmulatlon, additional rudder deflections, chord with
denser pressure tap distribution, pressure taps to measure venting
characteristics, J_t exhaust effects on pressures, andpressure distributions on
the ET and SRB's. Other discussion Considered the abort testing requirements
where only abort-to-once around (AOA) and RTLS conditions were to be tested,
SRB/ET test requirements, and an addition to the wind tunnel .test coordination
procedure (biweekly teleconferences were initiated to allow premeetlnE test
approval and definition .of.problem areas).

SSECP-NTP Meeti_ No. 5

The fifth panel meeting was held in November -197S. The Aerodynamics Subsystem
Manager reviewed the separate milestones for the Orbiter Project and the Space
Shuttle Program (Integrated Vehicle). Orbiter Vehicle No. I (0V-I01) would be
used in the ALT Program and Orbiter Vehicle No. 2 (0V-I02) would be used in the
Orbital Flight Test (OFT) program. Each had separate management reviews. In
addition, delta PDR's and delta CDR's were set for 0V-I01 approximately 6 months
after the scheduled PDR and CDR. The Aerodynamics Subsystem Managerestabllshed
an "Aerodynamics PDR" to accomplish two objectives. The first was the ,!

= documentation of the source and the analysis of the aerodynamic data and methods ,_
in the "Aerodynamics Substantiation Report." The second objective of this I',i

I review would be to establish an aerodynamics verification plan, using flight and
Wind tunnel data, that would increase the confidence in the design data.

_ Orbiter aerodynamic issues for Vehicle 4 added since the last panel meeting
were the effectiveness of vertical fins (increased yaw stability) and the effect

b:i of increasir_ the wing leading-edge radius on stability and control. Ascent
aerodynamics tests continued on separatlon/plume effects Including RTLS
separation of slightly higher speeds._ Airloads issues were the acquisition of
detailed pressure distributions with RCS plume simulation effects, forL

> prelaunch, for asy,,metrlceffects such as attach fittings and the ET external
feedllne, for ABPS effects, and for powered SRB separation. SRB concerns were

_'• Reynolds number effects (chute deployment altitude and attitude), high Mach/hlgh
stability (chute altitude); strakes, and s_ing interf.erence (accuracy of

P data). The plume technology tests by the MSFC included analysis of alr/CF 4

i testing, plans to test at higher chamber pressure ratios, gas
SRB hot test

activities, and solid body plume testing for Reynolds number effects.
_ Aerothermodynamlcs testing was being done to address boundary-l_yer transition

effects, specific heat ratio effects, and detailed heating deflnltions for a
ventral fin, the wing leading ed_e and TPS &aps.

_ECP-N'I'P Meeti_ No. 6

The sixth wind tunnel meeting was held in March 1974, directly following the_Or-
! 101 PDR in February, The results of the PDR presented by JSC concluded that OV-
i • I04 will meet the aerodynamic ground rules and the identified requirements, The

i- Orbiter Vehicle testing requirements for the newly designated Vehicle 5 included
viscous interaction effects on _ypersonlc stability end control. The definition
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of aerodynamic data tolerances was improved. Addlt!onal stability and control
i data was required. Sting interference effects, TPS simulation, and air data

sensor (ADS) calibrations were added. Integrated Vehicle requirements covered
i' nominal and RTLS staglr_ (bUild-up data and rudder/elevon hlngemoments). Also

covered were power-on base drag definition. (cold gas, base pressures,
wlng/vertlcal tall bendlng moments, and hot/cold gas comparisons). RCS
effectiveness (hot/co._ gas for RTLS) and mated vehicle aerodynamics (second

L stage, sting effects, SRB nose/sklrt parametrlcs) were included. Airloads test

- requirements were discussed. Rockwell was requested to.combine the objectives
i_, of the planned alrloads/force test, plume effects test, and the base drag
_' assessment test. A long-term schedule for structural dynamics showed the need

for TPS development tests to support the planned TPS PDR in November 1974.
Aerothermodynamlc test requirements covered the effects of protuberances,
penetrations and gaps on heating, and RTLS abort heating (high a's). Plume
tests planned included development base convective heating and pressure. These
tests also included plume/boundary-layer interactions, "creep" heating and
pressure, RTLS abort heating and pressure, and launch pad/Integrated Vehicle

interaction heating. Entry heating tests were planned for updated overall i
configuration heating and pressure, wing leadlng-edge heating, and SSME nozzle
heating. SRB planned tests were to obtain updated configuration stability and
heatlng/pressure distributions as well as drogue deployment feasib_llty data.
Similar testing was to be done for the ET. In addition, a test to define SRB
sonic boom characteristics was planned.....

,. SSECP-WTP Meeting No.-7

This meeting was held in July 1974. Because of uncertainty regarding the SSV
1975 Fiscal Year budget the panel meeting had been delayed for a month. During
this period JSC had requested Rockwell to organize their proposed testing to
meet a "minimum requirements" program for the Vehicle 5 configuration. Proposed
Orbiter aerodynamics testing addreL_sedthe evaluation of recent design changes

i (elevon gaps, OMS pods, differential elevons, and elevon flapper doors). Also

addressed was the determination ofvlscous interaction effects on hypersonic
__ stability and control. Inboard/outboard split elevon effectiveness, RCS

slmulatlon improvement, and testing required to support TPS simulation was also
discussed. Integrated Vehicle tests were proposed to obtain basic aerodynamics
for Vehicle 5. This included elevon/rudder/bodyflap hinge moments, wing root
bending and torsion, and plume effects (on base pressures, nozzle loads, elevon
characterlstlcs). Separation testing was planned for nominal conditions at high
a's and _,s, and for RTLS conditions with RCS Jet simulation. SRB alone tests
covered entry stability, nozzle hinge moments, Reynolds number effects, and
presuure distributions for both venting studies and load calculations. ET tests
would cover protuberance loads and sonic boom characteristics. Airload tests
were to be conducted for pressures near the Orbiter nose and main wheel well

L (thermal blanket survival assessment). Flow visualization and wake mixing data,
exhaust plume effects, elevon deflection effects on wing pressures, and element
pressures (Orbiter, ET and SRB mated) were also tested. Structural dynamics
testing was for aeronolse effects on the TPS (structural panel tests), flutter
with TPS (structural panel), and flutter for the wing/elevon-fin rudder
components. Aerothermodynamics tests concentrated on TPS tile gaps with
pressure gradients. Thin film gauge instrumented Orbiter/ET attach structure

" for the ascent phase and surface roughness (paint) and canopy/forebody heating
• rates for entry conditions was also tested. For the carrier program, testing

was about to begin. The Boeing Company had been awarded the contract the
Q
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previous month. Some preliminary design support tests•had been done leading up
to carrier ATP. Now the detail design test •requirements had to be done in
preparation for carrier PDR in November 1974. Near-term testing included mated
vehicle stability and control for takeoff. Cruise and landing (including
effects of Orbiter incidence, Orbiter position, tailcone shape and carrier

...... vertical tall modifications) were tested. Separation configuration development
(Reynolds number effects and separation matrix definition) and tailcone

_ configuration definition were tested as well, _

i-_- At this stage of the program, the major configuration changes had been made.
_ The bulk of the future tests would be for configuration refinements, data
i_ verification, and Contingency issues, It was decided therefore, to reduce the

quarterly panel meetings to three per year after the next meeting.

I SSECP-WTP Meeting No. 8The eighth meeting of the panel took place in October 1974. Program schedules_Z

• were presented and discussed in terms of'events related to the panel subsystem
manager's responsibilities. Fabrication of most of the Orbiter structure fon........
0V-101 was completed_and assembly had begun.

Major aerodynamic issues for the Orbiter were the following:

a. Increased drag caused by the shortened (blunted) OMS pods
I!

b. UnaccOunted wave drag caused by TPS tile steps 'I

c., Initiation of a test program for the entry ADS probes

d. Decrease in pitching moment caused by viscous-interactlon effects
P
_'. e. Corrections for base sting and SSME:nozzle effects

I f. Influence.of RCS "RT" (product of constant and temperature) scaling

gas
and Mach effect on entry RCS simulation

_ g. Reduced rudder_effectlveness caused by air leakage through the rudder
|

, hinge line gap.

Integrated Vehicle aerodynamic issues discussed were Vehicle 5 power-on base
drag test results (higher drag level than the latest data book). Also discussed
were the V.ehlcle 5 power-off forebody drag (recent tests showhlgher drag) and
elevon deflection Schedules for hinge moment actuator load relief. For the
carrier program, a requirement to land with the tailcone had been added.-
TherefOre a t_st-series was initiated to address this configuration. SRB
testing _overed Reynolds number effects, updated configuration stability and
Control, and nozzle hinge moments. ET tests included 0rblter/ET fairing
optimization, ReynOlds number effects, dynamic stability verification, and plume

-- simulation effects.. Entry heating tests were planned to obtain the effects Of
_ forebody boundary-layer transition and surface roughness, surface seals and

cavities, leading-edge radius, and TPS gaps. Integrated Vehicle heating tests

I, _- covered upd&ted configuration heating distributions, protuberance effects, and" base convective heating/pressures. Structural dynamics• tests were to he__done

I_ f'b_. _ing and Vertical tail flutter boundary updates.
- _ Z9
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SSECP-WTP Meeti_ No. 9

This meeting was held in May 1975. Orbiter aerodynamic concerns were trim
capabillty near Math 5, loads exoeedlng the transonic elevon hinge moment
limits, Reynolds number, effects, ALT alrloads, and oontlnued air data probe
calibrations. The Integrated Vehlcle testingplans were for RTLS separation and

_ alrloads with plumes (hinge moments, venting pressures). The carrier ....
_ aerodynamic issues were strut (Orbiter) effects, launch separation, captive

vehicle airloads, and tailcone off buffet alleviation. Orbiter heatlnE tests
!.... and analyses addressed the establishment of smoothness criteria, preventing

early flow transition, and elevon dynamic seal heating. Ascent heating concerns
I_ were Vehicle 5 heating and pressure distributions and plume effects on base
! heating at high altitudes. Structural dynamics testing was on panel flutteri

with and without TPS, aeronolse during ascent, and rigid Orbiter tests to
predict buffet onset (includlnE canopy effects).

33ECP-WTP Meeting No. I0

;1
The tenth panel meeting was held in October 1975. Orbiter aerodynamics concerns
to be addressed included viscous interactlon and real-gas effects. Also
discussed were effects of new cuter mold lines (O_L)caused by TPS thlckness "i

redefinition, ALT vehicle tailcone data deficiencies, and air data probe
(forebody model) calibrations. Integrated Vehicle aerodynamic issues were force
and moment element data with an updated elevon deflection schedule. Other

issues were RTLS abort separation with force and aft RCS effects, AADS
feasibility, alrloads update, and effects of protuberances and attach hardware.

; Entry heating tests involved the definition of boundary-layer transition. For
the Integrated_Vehlcle, heating tests continued on Vehicle 5 heating and
pressure distributions, and protuberance effects. Structural dynamics concerns
were for Orbiter Nomex felt panel flutter.

I: _ Meeting No. 118SECP-WTP

A review of the remalnlng test program in this Mar_ 1976 meeting indicated that
because of the advance approval management procedure that was used, the Wind
Tunnel Panel's role was essentially completed. The panel decided to dissolve
itself after the next meeting and transfer the manaFement of any future tests to
the respective subsystem managers.

The 0V-I01 vehicle had been assembled and was approaching the Shuttle ALT CDR.
The 0V-I02 vehicle O_L definition had been signed off, fabrication had started,
and assembly was 4 months off. Orbiter aerodynamic issues concerned ....

a. Verification of the 0V-102 lines at subsonic and transonic speeds

b. Nonlinear aerodynamic Control surface charaoterlstlcs (LaRC-supported)

c. PredictiOns of aeroelastlC effects

d. Evaluation of the ALT ADS oallbratlons (side probes and nose boom) and
0V-I02 ADS test plans

_, e. Aerodynamic loads On landing gear (which are gravity operated) struts

.* and doors, 30
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f, Tailcone on data (ground effects, alrloads, hinge son,ant effects, and
test support System tares).

Integrated Vehicle studies concentrated on continuation of tests on elevon
relief (to maintain both wlr_ root loads and elevon hinge moments within design
llmlts), AADS feasibility, and RTLS separatlon. Carrier aerodynamic issues were
verlflcatlon of the data base for mated vehicle launch and cruise configuration,
take-off and landlr_ configuration, and separation. Structural dynamics tests
continued on the effects of local shocks and aeronolse on the TPS. Integrated

,.. Vehicle and Orbiter heating tests continued to address localized heating and
i configuration updates.

i 8SECP-WTP Meeti_ No. 12
f.

!.: At this last official .meeting of the panel in September 1976, it was requested

_. that each remainlng test be identified to the appropriate subsystem manager indetail and .Inwrltlng. The subsystem managers would then review these test-data

il requirement packages (.testdescription sheets for the re_alnder of the program: and detailed run schedules through July 1977).. An assessment of the occupancy

ii-

• hours would be made by the facillty representatives. Then a memorandum would be
. sent from the JSC Director requesting that these tests be conducted. It was

estlmated that the current_percent of SSV test completion was 8S percent for
aerodynamics, 62 percent for heating, and 71 percent for structural dynamics.

Test hours estimated for completlon.were 40,700 with 29,900 having been

_i accomplished, or 73 percent. Projected testing that remained would be primarily
--_ in the areas of verificatlon_testlng and "as-built" configuration testing. The

- " purpose of verification testing was to furnish data for the design data
uncertainties analysis. The "as-built" tests would address data gaps,

i. configuration updates and discrepancies, and data discrepancies. These latter

i tests would be in the highest quality facilities available using completely new

high fidelity models.

Remaining Orbiter aerodynamic teSting addressed the entry ADS, refinement of
• stability and control and hinge moments, aeroelastlc effects (wing andvertlcal

, tail), hypersonic viscous interactlon/real-gas effects, and various off-nominal
flight conditions. Integrated Vehicle tests would cover refined plume effects,
the AADS calibration, and contingency airloads. Orbiter rand Integrated Vehicle
heating addressed configuration updates and localized heating regions.
Structural dynamics tests were to be conducted on updated configurations for.

.......flutter/buffet, panel (TPS) flutter, oscillatory pressure effects, hypersonic
bodyflap buzz, and ground winds data verification. Tests were also to continue
through 1976 on SRB recoverycondltions and for udpated SP_ and ET configuration

_ aerodynamlcs, structural dynamics, and heatlng.

88ECP-WTP Spe_e_cij_Heeti_

. In November 1977, a special meeting of the.panel was held to update the
remaining test program through, the First Manned Orbital Flight (FMOF).
COntingency and postfllght verification tests were scheduled and were to be

canceled as soon as it was determined they were not necessary, 'i_
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7. WIND TUNNEL TEST PROGRAM

As previously discussed, Obtaining the aerodynamic, aerothermodynamlo, and
structural characteristics for the design and development of the SSV
configurations necessitated the formulation and execution of an extensive wind
tunnel testing progr.am. To minimize costs, plans were made to make maximum use

_: _ of NASA test facilities and to fabricate multipurpose wind tunnel models. The
, contractor Phase C/D wind tunnel test program, which began in September 1972,

'_" was formally Completed in September 1983.

_.. In the formal Rockwell proposal, the estimated wind tunnel test program
, consisted of 18,900 hours for.the OrSiter and 7,100hours for the mated launch

i_. vehicle and the elements for a total of 26,000 hours. During the test
! program, several management decisionsrequired major configuration changes.

!. Changes such as Orbiter sizing, Orbiter/carrler concept, launch vehicle
operational concepts, etc. (fig. 3.1 and 3•2 for the majordeslgn evolution _!

_ ' characteristics) This resulted in a substantial increase over the initially iiL. - •

proposed number of test hours• Overall the prime contractor-utillzed
approximately 46,500 wind tunnel test hours in the Phase C/D time period. Table

, 7.1 presents a_summary of the test hours per major configuration, for the •

_ --" various disciplines, together with the number of supporting models. As a _
projection of the cost for the test program, the facility hours and models areh .

i- shown with their estimated costs• Fig, 7.1 illustrates the occupancy hours for
the various configurations per discipline, in comparison with similar large-
scale test programs._ i

In addition to the RoCkwell Phase .C/Dwind tunnel test program, MSFC and LaRC
major-supporting test programs during this time amounted to approximately 20,000

_ hours. The MSFC, having direct responsibility to the SSV program, expended
&- approximately 7,000 hours performing in-house SSV technology tasks. JSC

il conducted approximately 1,800 hours of tests, primarily in direct support of

Orbiter aerodynamics.

Wind tunnel facilities used in the test program were chosen based on the
tunnel,s capability to simulate the required test conditions. However, the

_ selection was also based on the facilities cost and efficiency. For this
reason,, nearly 71 percent of the test program was conducted in NASA facilities.
Specifically, 41 percent was done at ARC, 17 percent at MSFC, 13 percent at
LaRC, and 1 perCent_at LeRC.

To assist in the test program management and coordination, a test coding system
was developed. The tests were divided into groups each representing the
particular.Organization which was directly responsible for that test (i.e.

" ROckwell, LaRC, MSFC, etc.). Each test was given an.alpha/numerlc
identification c_de. For the .Rockwell tests, the first of the two alpha
Characters indlcated whether the tests were for the Orbiter (0), Integrated
Vehlcle (I), carrier aircraft (C), external tank (T), or solid rocket booster
(S) configuration. The second alpha Character denoted the area of discipline to
be evaluated:- aerodynamics (A), heating (H), or structures (S). The numerlcal
eharaCtens represented the chronological order of the tests. It should be noted

" that.the airloads and the as_ent phase separation aerodynamics are listed under-
_" "A". Structures tests are predomlnately structural dynamlcstests (as opposed

to alrlOads tests), Also the heating test program included some pressure

32



distribution testing that was done simultaneously (at the identical test
conditions) with.the heating tes_Lsto ensure data analysis compatibility.

For those-support tests conducted by the-various NASA centers, the first alpha
characterwas changed from the-above,description and was used in identifying the

, center as LaRC (L), MSFC (F), ARC (A), and JSC (M), with the remainder of the
' identification code the same as previously explained.

A summary of the total test program is given in .table7.2 and the detailed lists
_ of tests for the Orbiter, Integrated Vehicle, carrler.vehlcle, ET and SRB' s are
!ii_-_ contained in appendices AI through AS, respectively. Each table gives the test
i number._or ID), the test schedule, the occupancy hours that were estimated and

that were charged by the facility (actual "fan-on" hours), the actual number of
I! • runs conducted, the model reference designation (see "Configuration Evolution"
_ section) and model ID (Refer to "Wind Tunnel Test Models" sectlon), the facility
'_' used (Refer to "Wind Tunnel Facilities" sectlon), and the facillty-deslgnated"

test number, and the DATAMAN document number and status (Refer to !i
_._ "Documentation" section). Not shown in the test program listings is },
,,._ approximately 660 hours representing 12 ....Orbiter ADS probe-alone tests.

ili-
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r 8. WIND TUNNEl.,TE_T FACILITIES_
i"

Many facilities were required to simulate the particular fllght conditions that

_: would provide the design of the many SSV configurations. These data had to be
accumulated over the entire range of flight conditions that would be encountered
from launch through entry and then some. The selection of-a tunnel, for any
particular test was based on the tunnel's_capabilltles to simulate required
flight conditions, principally Math and Reynolds number. However, selection was ..
also based on the facility, convenience, and operational economy when there were
possible alternate choices.

There were three primary types of wind tunnels used.
i

a. Continuous flow tunnels. These .tunnels permit uninterrupted testing !_
until all required data are obtained on a particular configuration. Models and _
test conditions of Math mumber, Reynolds number, and angle of attack and
sideslip are set up and the air (or test medium) is reclrculated until run
completion.

[_ b. Intermittent tunnels (blowdown tunnels). These tunnels have an _ i

operating time from several seconds to a few minutes. They have storage .tanks I
charged with pressurized air that is suddenly released, and data are taken over ,

a short blowdown time span. _i

c. Impulse tunnels. These tunnels are designed for the simulation of high
Math number values. They have a very short r_n time, in the order of milli-
seconds. Instrumentation of the models f¢,L'this type of tunnel must have high

: response for the instantaneous recording of the necessary data.

The capability of the various facilities to match the combined Reynolds
number/Math number flight conditions is given in fig. 8.1(a) for ascent and fig.
8.1(b) for entry, In the high hyper_onlc regime (Math number above 5) _he

viscous parameter, V'.... co' was used as the correlation parameter rather than i
I

Reynolds number (see fig. 8.2). Facility information for the SSV test prognam
is summarized in table 8.1 grouped by speed category. The facility name, type,
test section size, Mach number range, Reynolds n_ber range and typical model
scales is given.

The choice of facility for any given test was determined by selecting the.one
which could approximate flight conditions. Flight conditions were approached
through control of the geometric similarlty and scale of models (properly .....
instrumented) and tunnel control of

.- a. Reynolds number, which is the ratio of the test medium's inertia force
tO the Viscous force, The similarity between a.model and prototype is realized

' when th.e dimensionless Reynolds number for the model equals the Reynolds number
for the prototype, in some instances, it was the objective of a particular,wind
tunnel test to show that the effect of varying the Reynolds number is a
negligible factor...TherefOre some tests were conducted at several Reynolds

o. n_nber_!evel s.
36
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" b. Mach number, which is the ratio of the relative velocity of the vehicle
: to the speed of sound in the medium.i

c. Angle of attack and sideslip, which is the-attltude of the model in
: relation to ._he free-stream velocity vector in the pitch and yaw planes,
*- neapectively.

i d. Other parameters such as thrust coefficients, aeroelastic.frequencies,
!i separation distances, etc. that had to be simulated for specific tests.

', Because of the impossibility of obtaining all of the required data in one
_ facility,,it was necessary to use combinations of facilities and models to
i obtain data over the desired range of flight conditions.
I! l

I. Additionally, there were no tests or combination of tests that could account for ii' all variables such as Reynolds number, Mach number, angle of attack, model size,
.... wind tunnel, or balance choice that could,be made in such a manner as to provide

all_deslred data for She determination of aerodynamic characteristics.
• Therefore, testing was directed to those areas considered most critical to the

vehicle's design. With the limited data obtained it was possiDle to predict, or
i_ ........ extrapolate, the aeno/thermo/structural Characteristics in the untested areas. ',_

The complete phase C/D wind tunnel program is grouped by facility designation .i

and presented in appendix A. The in-house facility test number iS given '.i
followed by the SSV test designation, test date, hourS, runs, model
configuration reference and ID, and documentation number.
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9. WIND TUNNI_. TF._T MODELS

Based on the range of flight regimes that were to be evaluated in developing the
design of the SSV, a total of over 100 models were eventually required. The
model scalesrange from 0.4 to 36 percent of the full-scale configuration.
Exceptions to these scales were the full scale testing of specialized Components
such as control panels, TPS tile with gaps, etc. Model slze was determined by
the required testing parameters and the effective tunnel size for attaining

• flight simulation with minimum tunnel interference. The models Were
geometrically _scaled and manufactured to extremely close tolerances to obtain
accurate data. Later models incorporated finer details of external

! " protuberances, surfaOe roughness and indentations, as shown graphically in fig.
9.1.

Force models, which measure the three forces and three moments that define the _
il 'Overall performance and stability of the vehicle, were the primary source for _,

obtaining the aerodynamics of the SSV configurations. In the early tests when
basic force and moment, testing was being done in the low speed facilities,
wooden models were used. Soon after,,for testing in the high speed/pressurized _.
facilities, the models were made of aluminum and/or stainless steel.

Ultimately., for hypersonic facilities, the models were constructed of heat- '

treated steel, li

Heat transfer models were used to establish the flow field and the temperature

distribution about the vehicle. The models were either made of a plasti.c-likematerial or they were stainless steel models. The-fOrmer type models were used
_- to define the flow p_tterns using oil-flow photographs. The sta£nless steel

models were fitted with thermocouples (and/or calorimeters) to define the
temperature distribution and stagnation heating fOr-a range of trajectory
condltions.

Pressure models were used to obtain detailed surface pressure-distributions tO
i_ assist in. the -airloadsanalysis and to design .thevariOus structural components .................

Of _the SSV.configurations. Pressure models were basically the same as the for_e
models (and in some cases Identical models). They were fabricated from alumint_ .............
and/or steel. The major differences, however, were the multitude of pressure
ports located Over the surface of the model and the required plumbing located in
the interior of the model to measure all the pressures.

Aeroelastic models were used tO measure the torsional, shean, and bending-
charaCteristlcs Of a particular component. The elastic m6dels were_force models
with the component tO be evaluated (e.g._the vertical tall or wing) being
replaced with an elastic COmpOnent.

Flutter models were used to evaluate the dynamic characteristics of a particular.
• Component. Flutter models wer.e usually made of balsa wood with appropriate

stiffness. The flutter models are normally tested to destruction.

A summary of vari6us models used is shown in table 9.1 with definition of-th_
" model identification (ID), configuration represented, maJ6r_t_iscipline,

• SCale, type measurements, and general comments.

- 40



Appendix A Elves additional Informatlon, Erouped by model. It includes the test

the model was used in, test dates, test hours, number of runs, the facility used
(and facility test number), and documentation Informatlon.
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I0. DO_MEHTATION

Recognition of the need for an integrated, standardized system for processing,
storing, and manipulating large blocks of wind tunnel data led to the
development of the "System for Automated Development of Static Aerothermodynamlc
Criteria" in 19.66 by Chrysler Corporation Space Division, New Orleans,
Louisiana. Typically, raw wlnd tunnel data counts were automatically reduced to
coefficient form at the facility, with many of the subsequent operations done

_ predominantly by hand. Data point corrections, biasshlfts, adjustments to the
t data for scale effects, breakdown of the data for component analysis, plots (and

cross plots) for data evaluatlon, falred and interpolated data, final
i presentation plots, etc. were all done manually. Structural design related

tests such as loads and heating were handled in a similar manner. However,

Ii there are usually many more data points for each test condition. In 1966,' Chrysler, in support of the Saturn IB/APOlIo Program, and under contract to the
MSFC, designed and developed a_digital computer program system which would

I_ include data file storage and retrieval operations, data computational
capability, and automated plotting capability. In 1970, the original system,
renamed DATAMAN (short for data management), was proposed by_the MSFC asa means
to document and file .experimental wind tunnel data from the SSV design and
development program. This proposal was accepted and the system became
Operational during the Phase B portion of the Space Shuttle Program. Since the

_. beginning of Phase-C/D, approximately one thousand test reports (of which 35
percent were special requests) have.been issued in support of the SSV progrgm.
Each of these documents is retrievable and referenceable (abstracted in the
Scientific and Technical Aerospace Reports, or STAR) and contains complete test
information. However the test data is primarily in standard plots and tables,
with limited analysis. Thismethod of documenting test data is very unique.
The current wind tunnel investigation for a given design results in generating,
not only a large amount of data, but the data is obtained from a number of
different facilities and is often provided in different nomenclature and format.

I: The impact on the engineering analyst, with limited resources available to
organize, manipulate, and plot.data, is to either delay release of the data or
to limit the scope of the analyses. By automating and standardizing these
procedures, as was done for the SSV program, rapid output Of the data in the

_. desired reference System and format maximizes its use by the engineering
- c._mmunity. These techniques have proven to be both an effective and economical

method Of documenting, as well as working with, wind tunnel tes_ results and
could_he applied to any major aerospace program.

A Summary of themany advantages of this system follows. The system enables the
engineer-to spend more time evaluating and analzylng the Aata by relieving the
tedious Job of organizing and platting large quantities of data as a necessary
prelude to analysis and evaluation. The initial output of plotted data is
available in a time frame that permits rapid evaluation. Thus the engineer -can
incorporate any findings into subsequent wind tunnel investigations. Th_ system
permits maximum exploitation of the data by allowing a complete analysis of
major.and seCOnd order effects by providing the-engineer with plots of all of
the d_ta, which would not normally be possible w:[th limited manpower. The
method permits extensive analysis of the data by providing automated calculation

. and Comparative plotting Of such variables as intercepts, derivatives,..
increments, trim COnditiOns, control power effectlvene_s, etc. These are
operatlons which must be performed for design appllcatlons, of the data and



consequently are equally important to the enaineer. The system facilitates
comparison of data from current teats with data from prior teats by provid_ng a

i
i data storage and retrieval system. It expedited the publication anddissemination of all the data obtained. The system provides a document

containing a complete set of the data obtained in the _nvestigation. These :
i
! documents can subsequently be referenced _n..more formal documents and

,: presentations. A complete listing of-all teat documents produced is given in
i:i! appendix B. Table B1 re_ates the document number to the test number, test data,
l-:t model reference cor.fi&_ration and ID, and the facility. Table B2 shows the NASA

[I contractorre_rt(c_)n,_ber,thetest n,_ber,andthere_rt ti_e.

} :
i:

{,

#

:

/ .-
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(b) Blade support from SRBside with dummyst.ing. ..

I Figure 5.3. - lhtegrated vehicle fnOdel _upport interference tests;niodel 13
in the RI 7-ft T_risonic Wind Tunnel.
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' (c) Blade supportfrom ET bOttom (forwardposition)with dummy sting.

I'

I

: i

i
• _' I

*! >

i

i

; (d) glade Sunportfrom ET bottom (aftO0._.itiOn)wi.thdummy sti2ng.

,f Figure 5.3, - Concluded.
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',_ Figure 5.6. - Integrated Vehicle plume effects test; solid plumes, model no.....

• iJ 14 ir_the ARC 9_ by 7-ft supersonic Wind Tunnel.
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(a) Plan view.

Figure 5.8. - First stage _eparation test with SRBseparation-motors Simulated; _
model no. 32 in the AEDC-ATunnel.
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(b) Right side view.

, Figure 5.8. _ Concluded.
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(6) Lift-offconfiguration. :_,!

. E.igure5.17.- GroundwindseffectteStSin the LaRC16-ftTransonicI)ynamicsTunnel;
_ modelno. 100.
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.... (b) Launchtower.configuratiOn.

., Figure-5.17.- Co.ncluded.
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(a) Aft sting/strut_flooKmount;mode_ no. 3_ in the RI

Low-SpeedWind Tunnel,front view

i. i
I

I

}

i

_. (b) Aft sting/strutfloor mount;model no. 39 in the RI

i Low-SpeedWind Tunnel,rear-view.

I .2
_.,,_, Figur_ 5.19, _ orb'!.t.e.rtest supportarrangenients.
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(l!)Wing tip niount;model.no,43 in the RI.Low-SpeedWind Tuhnel.
i
I, Figure5.19,- Continued,
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(a) Threepylonstrutsupport;frofitvlew.

Figure5,20.- LargesCalemodel(36perCent)no. 76 in theARC 40, by 80-ft
SubSonicWindTunnel.
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"' (b) NosedetailsSi_bwingtileSimUlationanctthenose landinggear.

Figure 5,20. -. COntinued. _
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(c) Three pylon strut support;_._r vlew.
'i

Figure 5,20 - Continued,



(d) Tailcone (ALT)configuration.

" Figure 5.20 - Concluded. ,_
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,: Figure 5,23, - Aeroelastic Model, Picture not available,
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Figure 5.25. - Landing gear loads test; model no.16 in the RI Low-Speed Wind Tunnel.
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(b) Orbitertailconeoff Configuration.

Figure5.35 - Concluded.
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APPEMDTXA

TABLES OF WIND TUNNEL TESTING BY TEST NUMBER, BY TEST FACILITY, AND BY MODEL
NUMBER.

The test number definition, model re/erence (con[iguration) definition, and
model ID llstlngs are presented in the Chapters VII, III and IX respectivel_. A
summary .ofthe test number definitions is presentecthene_/or convenlenoe:

First letter - 0- Orbiter
- I.....Intesrated Vehicle

.'_ - C- Carrier Airore/t
_..... T- External Tank
_I S Solid Rocket Booster
t _ • - L- .Lar_ley Research Center

- M- Johnson Space Center..(formerly the Manned Spacecre/t Center)
- F - Marshall Space Flight Center

!_ Second Letter - A- Aerodynamics Testa
- H- Heating Tests
- S- Structural Dynamics Tests

Number - Chronological Test Order

TABLE AI - WIND TUNNEL TESTING BY_TEST NUMBER -.AERODYNAMIC TESTS
TABLE A2 -WINDTUNNEL TESTING BY TEST NUMBER -HEATING TESTS
TALLE A3 - WIND TUNNEL TESTING BY TEST NUMBER - STRUCTURAL DYNAMICS TESTS r
TABLE A4 - WIND TUNNEL TESTING BY FACILITY - NASA COMPLEXES
TABLE A5- WIND TUNNEL TESTING BY FACILITY - OTHER GOVERNMENT COMPLEXES
TABLE A6 - WIND TUNNEL TESTING BY FACILITY -PRIVATE FACILITY COMPLEXES
TABLE A7 - WIND TUNNEL TESTING BY FACILITY - SPACE SHUTTLE PRIME CONTRACTOR

COMPLEX
"i, TABLE A8 - WIND TUNNEL TESTING BY FACILITY - UNIVERSITY FACILITIES
_ TABLE A9 - WIND.TUNNEL TESTING BY MODEL

......... _................... ,__ .I_._ _'_ L • " - - --:-- ........
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TABLE A6 - WIND TUNNEL TESTING BY FACILITY - PRIV_.TEF_ILITY COMPLEXES ,!.
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